Introduction {#h0.0}
============

Foot-and-mouth disease (FMD) is a highly contagious disease of cloven-hoofed mammals caused by FMD virus (FMDV), a single-stranded RNA virus of the family *Picornaviridae*. Seven serotypes exist, two of which (O and A) are found almost worldwide. Another, type C, is more geographically restricted and has not been detected anywhere in the world since 2004, while the Asia-1 serotype is normally confined to southern Asia ([@B1], [@B2]). The remaining three serotypes are the three Southern African Territories (SAT) viruses, designated SAT 1, SAT 2, and SAT 3, the first two of which are endemic in countries of Africa south of the Sahara; outbreaks due to SAT 3 in domesticated livestock have been confined to a few countries in southern Africa. SAT 2, the focus of this study, is the SAT serotype most often recorded in domestic animals ([@B3]) and is widely distributed across the continent, having been identified as far west as Senegal, east as Ethiopia, and south as South Africa. It is further subclassified into 14 topotypes, designated I to XIV, defined as having 80% nucleotide identity in the VP1 coding region ([@B4], [@B5]).

SAT 2 has crossed the Sahara and caused outbreaks in North Africa and the Middle East on several occasions in recent years. Middle Eastern outbreaks occurred in North Yemen in 1990 ([@B6]) and in Saudi Arabia and Kuwait in 2000 ([@B1]). In North Africa, it appeared in Libya in 2003 after an apparent absence from the region for around 50 years ([@B7]). In 2012, outbreaks occurred in Egypt, the Palestinian Territories, Libya, and Bahrain ([@B6]). While it might be surmised that the occurrence of so many events in a single year might be the result of a single introduction that spread further once established north of the Sahara, Ahmed et al. ([@B6]) conducted a genetic study of the viruses involved and found that this did not appear to be the case. Although the bulk of the Egyptian and Palestinian isolates are closely related, those from Libya and Bahrain are of quite distinct lineages. The Bahraini virus is even of a different topotype. Furthermore, one of the samples obtained from Egypt proved to be yet another lineage, distinct from the others collected in the country during the epidemic. For the virus to escape from sub-Saharan Africa four times in 1 year is unprecedented, and it has been suggested that the political changes in the region from 2011 onwards (the "Arab Spring") may have played a role (<http://www.bbsrc.ac.uk/news/food-security/2012/120613-f-arab-spring-spread-of-animal-disease.aspx>), as people and their animals were displaced by conflict or changing governments created new trading relationships and thus new pathways for pathogens to follow. For example, Kandeil et al. ([@B8]) note that cattle imports to Egypt from other countries in the Nile basin increased following the Egyptian revolution of 2011 due to improved political relationships between the governments involved.

The epidemiology of the SAT serotypes in sub-Saharan Africa is distinct from that for other serotypes in Africa and elsewhere in that there exists a wildlife reservoir in the form of African buffalo (*Syncerus caffer*) in areas where that species is present ([@B9]). The disease is very rarely symptomatic in buffalo, and animals can be persistently infected for a period of several years. Since eradication of all infected hosts is therefore not feasible, control has focused on vaccination and prevention of mixing between buffalo and livestock by means of fencing ([@B9], [@B10]). Where SAT serotype epidemics have occurred in locations in proximity to areas with buffalo populations, they have sometimes been linked to compromised fences ([@B11]). Since other wild mammals, such as impala (*Aepyceros melampus*) and other antelopes, are susceptible to FMDV, another cause for concern is the ability of these species to jump over fences and spread infection in that way ([@B9]).

It has been some time since the last published phylogenetic analyses of all known RNA sequences for SAT 2 ([@B12]). Since then, the number of available sequences has almost quadrupled, and information on viruses from a much wider range of locations has been added to nucleotide databases. Reclassification of SAT 2 topotypes has also occurred during that time ([@B4], [@B5]). Recently developed phylogenetic techniques enable analyses such as estimation of change in viral genetic diversity over time ([@B13], [@B14]) and the enumeration of historical changes of discrete character states, such as country of origin or host species, on the phylogenetic tree ([@B15]). This study aims to update the complete picture of SAT 2 phylogenetics to include all sequences available in 2013, including some previously unpublished, and to apply the new methods to examine the source of all recorded outbreaks occurring beyond sub-Saharan Africa since 1990, as well as movement patterns of lineages between countries where the virus is endemic and between host species.

RESULTS {#h1}
=======

The data. {#h1.1}
---------

All available sequences for the VP1 gene of SAT 2 serotype FMDV were downloaded from GenBank (<http://www.ncbi.nlm.nih.gov/genbank/>). There were a total of 201 records for distinct isolates available. An additional 49 previously unpublished sequences were also analyzed; information on the origins of these can be found in [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material. This gives a total data set of 250 sequences. All sequences were 648 bp in length, with the exception of five West African examples (all of topotype VI), which were each 651 bp. [Table 1](#tab1){ref-type="table"} summarizes the data, and [Table S2](#tabS2){ref-type="supplementary-material"} gives more detailed information. Since all relevant sequences were sampled prior to the partition of Sudan in 2011, the country was treated as a single location state for this analysis. Two hundred fifteen sequences were from sub-Saharan countries, and the remaining 35 were from outbreaks in North Africa and the Middle East.

###### 

Countries and dates of sampling for available FMDV SAT 2

  Country                                           No. of isolates   Date or date range (yr)
  ------------------------------------------------- ----------------- -------------------------
  Angola                                            1                 1974
  Bahrain                                           5                 2012
  Botswana                                          6                 1977--1998
  Burundi                                           2                 1986--1991
  Cameroon                                          3                 2000--2005
  Côte d'Ivoire                                     1                 1990
  Democratic Republic of the Congo (or Zaire)       2                 1974--1982
  Egypt                                             22                2012
  Eritrea                                           3                 1998
  Ethiopia                                          25                1990--2010
  The Gambia                                        2                 1979
  Ghana                                             2                 1990--1991
  Kenya                                             65                1957--2007
  Libya                                             5                 2003--2012
  Malawi                                            1                 1975
  Mozambique                                        3                 1970--1983
  Namibia (or South West Africa)                    4                 1989--1998
  Niger                                             1                 2005
  Nigeria                                           2                 1975--2007
  North Yemen                                       1                 1990
  Palestinian Autonomous Territories                1                 2012
  Rwanda                                            4                 1996--2004
  Saudi Arabia                                      1                 2000
  Senegal                                           5                 1975--2009
  South Africa                                      31                1959--2001
  Sudan (and South Sudan)^[*a*](#ngtab1.1)^         6                 1977--2010
  Tanzania                                          2                 1975--1986
  Togo                                              1                 1990
  Uganda                                            13                1975--2007
  Zambia (or Northern Rhodesia)^[*b*](#ngtab1.2)^   6                 1948--1996
  Zimbabwe (or Rhodesia)                            24                1972--2003
  All sequences                                     250               1948--2012

All isolates sampled before partition of country in 2011.

Isolate RHO/1/48, whose name suggests an origin in modern-day Zimbabwe, was in fact sampled in Northern Rhodesia, which is modern-day Zambia (see <http://www.picornaviridae.com/aphthovirus/fmdv/fmd_history.htm>).

Molecular clock and skyride analysis. {#h1.2}
-------------------------------------

A Bayesian phylogenetic analysis was conducted with all 250 VP1 sequences, using the software program BEAST, prerelease version 1.8.0 ([@B16]). A relaxed lognormal molecular clock ([@B17]) and a Gaussian Markov random field (GMRF) Bayesian skyride tree prior ([@B14]) were used. The skyride is a highly parametric method that allows reconstruction of changes in viral population size over the timescale of the tree. [Figure 1](#fig1){ref-type="fig"} is the maximum clade credibility (MCC) tree of this analysis, with branches colored by topotype. The year of the mean time of most recent common ancestor (TMRCA) for all sequences was 1881, with a 95% highest posterior density (HPD) interval from 1853 to 1907.

![Maximum clade credibility tree of all sequences included in the data set. GenBank accession numbers and countries and dates of sampling are given at the tips; sequences isolated during epidemics in North Africa and the Middle East are in red. Branches are colored and labeled by topotype (I to XIV). Red diamonds indicate clades with a posterior probability of \>0.9 (within topotypes, they are omitted for all nodes except for the common ancestor of the topotype).](mbo0051316380001){#fig1}

The estimated parameters of the molecular clock were a mean of 2.45 × 10^−3^ substitutions per site per year (95% HPD: 1.82 × 10^−3^, 3.17 × 10^−3^) and a standard deviation of 0.90 (0.72, 1.09). The reconstructed skyride plot can be seen in [Fig. 2](#fig2){ref-type="fig"}. Genetic diversity peaked around 1965 and then began to decline, at a rate that increased around 1995.

![GMRF Bayesian skyride plot of log effective population size against calendar time. Blue lines are the boundaries of the 95% highest posterior density interval.](mbo0051316380002){#fig2}

Phylogeography. {#h1.3}
---------------

In order to explore the origins of the outbreaks outside sub-Saharan Africa, the Monte Carlo Markov chain (MCMC) output from the previous section was used as the set of trees for a discrete-traits phylogeography analysis ([@B15]) using the Markov jumps method to reconstruct movements between countries ([@B18]). [Figure 3](#fig3){ref-type="fig"} displays the MCC tree, with branches colored by location of sampling for tips and highest posterior probability location for internal nodes. For clarity, sub-Saharan countries have been grouped by United Nations (UN) region.

![Maximum clade credibility tree of all sequences; branches are colored by UN region within sub-Saharan Africa or red for outbreaks in other areas. Roman numerals and black diamonds indicate nodes representing the common ancestor of each topotype or, where only one sequence was available for that topotype, the tip corresponding to that sequence.](mbo0051316380003){#fig3}

[Figure 4](#fig4){ref-type="fig"} gives the posterior distributions for the country of origin of each North African and Middle Eastern epidemic occurring since 2000. In a previous analysis of the Egyptian sequences from 2012, Ahmed et al. ([@B6]) determined that the isolate EGY/2/2012 (designated strain Alx-12) was most likely the result of a separate introduction to the other sequences from this outbreak (strain Ghb-12). As a result, we examined the origins of these two lineages separately. The possibility that any other epidemic might be the result of multiple introductions was considered, but no such history was reconstructed in any sampled MCMC state. Kenya was overwhelmingly the most likely origin for the 2012 Bahraini virus (posterior probability, 0.89), as was Cameroon for the Ghb-12 lineage of the 2012 Egypt/Palestine outbreak (posterior probability, 0.81). Results were less decisive for the other five outbreaks, with no origin having a posterior probability of more than 0.6. In particular, while the Egyptian Alx-12 lineage appeared most likely to be a descendant of a Sudanese isolate (posterior probability, 0.6), it was also closely related to the virus from 2000 in Saudi Arabia (posterior probability, 0.21). Notably, there was practically no suggestion that any of the 2012 outbreaks were the direct descendants of each other.

![Posterior probability distributions for the countries or epidemic states that were the origins of reconstructed Markov jumps seeding SAT 2 outbreaks in North African and the Middle East, 2000 to 2012. Only origins with a posterior probability of 0.02 or more are shown individually.](mbo0051316380004){#fig4}

A second phylogeography analysis was conducted by restricting the data set to only the 215 sequences from sub-Saharan Africa, in order to identify patterns of movement within the continent. The map in [Fig. 5](#fig5){ref-type="fig"} displays supported nonzero rates of transition (Bayes factor \[BF\] \> 3) between countries of endemicity. Most identified links were across a shared land border; longer-distance links were usually in cases where there were intervening countries from which samples were not available. Longer links also tended to have lower BF support.

![Map of Africa demonstrating links between countries with Bayes factor (BF) support of \>3 identified from the BSSVS analysis. Countries are colored by number of sequences available from that location; links are colored by BF value.](mbo0051316380005){#fig5}

Host species analysis. {#h1.4}
----------------------

A final discrete-traits analysis was performed to investigate transitions between different host species for the virus. Only 169 sequences had an identified host, which was *S. caffer* in 28 cases, domestic cattle in 130, *A. melampus* in 10, and a pig in 1. The latter was excluded because a single example was unlikely to be adequate for the purpose of investigating the sources of infections in pigs. [Figure 6](#fig6){ref-type="fig"} shows the MCC tree. Branches are colored by host; clades representing topotypes are annotated with a diamond. The most likely root state (the host species of the common ancestor of all known SAT 2 isolates) was *S. caffer*, with a posterior probability of 0.53.

![Maximum clade credibility tree of 168 sequences colored by reconstructed host species. Branches are colored by host. Roman numerals and black diamonds indicate nodes representing the common ancestor of each topotype or, where only one sequence was available for that topotype, the tip corresponding to that sequence.](mbo0051316380006){#fig6}

[Table 2](#tab2){ref-type="table"} summarizes the results of a Markov jumps analysis for changes of host species. The median number of jumps across all trees in the posterior are given for each pair of hosts, along with the posterior probability that the total number of such transitions was nonzero. The median number was nonzero in all cases except transitions from cattle to *A. melampus*, but the only type of transition for which there was 95% support for at least one such jump occurring was from *S. caffer* to cattle.

###### 

Median (across all trees in the posterior sample) numbers of reconstructed Markov jumps between each pair of species in the host species analysis^[*a*](#ngtab2.1)^

  Origin          No. of jumps to destination               
  --------------- ----------------------------- ----------- ----------
  *S. caffer*                                   10 (1.00)   3 (0.85)
  Cattle          5 (0.94)                                  0 (0.48)
  *A. melampus*   6 (0.88)                      1 (0.53)    

This posterior sample of trees is summarized in [Fig. 6](#fig6){ref-type="fig"}. Numbers in parentheses are posterior probabilities for at least one such jump having occurred since the time of the common ancestor of the 168 isolates.

DISCUSSION {#h2}
==========

This work has applied recently developed phylogenetic methods to the VP1 gene sequences of all SAT 2 isolates available at the time of writing. It has some limitations, largely imposed by the nature of the available data. The sampling is effectively opportunistic and markedly unbalanced, and the exact effect of this on the discrete-trait inference methods used here for both geography and host species is unclear and warrants investigation in its own right. This makes the results of the host species analysis in particular somewhat incomplete, first because very few countries have available sequences from both cattle and wild animals and second because no sequences at all are available from sheep or goats, despite the hypothesis that they play an important role in the maintenance of FMDV populations ([@B19]). In addition, use of simply the country of origin as a location state gives coarse resolution; a lack of links between locations may be simply the result of a lack of sampling in areas sufficiently close to the relevant borders, but restricting to only those sequences where more-detailed location information is available would have greatly decreased the size of the data set.

The VP1 segment was used simply because it has been the most commonly sequenced section of the genome, but use of a larger part would be more suitable and is now more viable in the era of next-generation sequencing. At present, there are eight available sequences for the full SAT 2 genome, and an additional seven for the full coding region (polyprotein gene). While recombination within the structural protein region (VP1 to VP3) appears to be rare, and thus it should not be a cause of concern in interpreting this analysis, it is widespread in other parts of the genome ([@B20], [@B21]). This likely renders a naive whole-genome phylogenetic approach inadvisable. Indeed, van Rensburg et al. ([@B22]) found that the leader and 3C proteinases of SAT FMDVs displayed branching patterns very different from those of VP1, and it is this recombination that likely explains the findings by Yoon et al. ([@B23]) and Lewis-Rogers et al. ([@B24]) that when a full-genome analysis is performed, the SAT strains do not form separate clades. However, while the entire genome may not be a good subject for analysis, future work could use the whole structural protein region, rather than just VP1.

The estimated substitution rate of 2.45 × 10^−3^ substitutions per site per year is very similar to the 2.48 × 10^−3^ given by Tully et al. ([@B25]) for their analysis of the VP1 segment of all FMDV serotypes but considerably higher than their specific estimate for SAT 2 of 1.07 × 10^−3^, and the 95% HPD interval of 4.90 × 10^−6^ to 1.14 × 10^−3^ given there does not overlap the one found here. That estimate, however, is very imprecise compared to the results for all other serotypes in the same paper, and the data set of 32 sequences used by the authors was also much smaller than ours, covering only 10 of the 14 topotypes. The lower substitution rate estimate in that paper naturally corresponded to an earlier estimated TMRCA of the year 1777, with a 95% HPD interval from 1747 to 1913, also very different from the estimate here, although in this case the HPD interval does overlap ours. Yoon et al. ([@B23]) also estimated a lower overall substitution rate (1.46 × 10^−3^) for all serotypes, but this analysis was of the full genome, ignoring recombination, and a different rate might be expected. This paper also estimated a much earlier TMRCA for SAT 2 in 1615, with the 95% HPD interval from 1324 to 1866, slightly overlapping ours.

The decline in genetic diversity of FMDV in the latter part of the 20th century has previously been noted by Yoon et al. ([@B23]), whose analysis of all seven serotypes also identifies a peak in the middle of the century and a faster decline starting around 2000. A similar peak was also identified by Tully et al. ([@B25]), although their analysis suggests a subsequent sharp increase in the last years of the century. A potential explanation for the midcentury decline is the vaccination and fencing measures that have been put in place over the past decades in southern Africa in order to prevent the infection of cattle by wild animals ([@B9], [@B10]). The steeper decline observed starting in the mid-1990s may be a sampling artifact due to the inclusion of a disproportionate number of sequences from comparatively well-sampled epidemics with dates from this time period, since the increased number of coalescent events associated with such data might lead to artificially low estimates of the effective population size. Alternatively, it could reflect a genuine decrease in diversity, possibly due to improving farming practices.

Since FMDV in Africa is presumably generally spread overland by animal movements, the inference of a particular country as the origin of a particular epidemic in this analysis should not be interpreted as it being the last country in which the lineage was present before the start of the epidemic; for example, no strain could have moved directly in this way from Cameroon to Egypt or Libya for the obvious reason that there are intervening countries on any route between them. Instead, this analysis provides a probability distribution of the location of the most-recent ancestor of the outbreak strain that can be identified from the available data; no conclusions can be drawn regarding the route that might have been taken to get from one country to the other. In particular, the wide distribution of topotype VII, from Nigeria to Eritrea, has previously been noted by Bronsvoort et al. ([@B26]) and is thought to be the result of extremely long distance cattle movements which are known to occur between Cameroon and Sudan. Thus, although the origins for the Libya 2003 and Ghb-12 outbreaks are suggested to be Cameroon, the lineages could well have first made their way east to Sudan before crossing the Sahara, with Sudan not being identified as their origin because strains more closely related to them than to known Sudanese isolates have never been sampled in that country.

Three separate SAT 2 outbreaks in North Africa and the Middle East in a single year, 9 years after the last such recorded event, might seem unlikely to be independent events, but the evidence here adds further weight to the suggestion ([@B6]) that these were not the result of a single introduction and that the concurrence is due to coincidence or to regional circumstances that have made such events more likely. If the latter, this situation may not be particular to SAT 2: a new serotype A virus with a probable origin in sub-Saharan Africa was also discovered in Egypt in 2012 (<http://www.wrlfmd.org/fmd_genotyping/2012/WRLFMD-2012-00011%20A%20Egypt%202010-2012.pdf>), although whether this was a genuinely new introduction in the very recent past seems an open question, given the fairly frequent occurrence of serotype A in the country ([@B27], [@B28]).

The two topotype IV outbreaks, North Yemen 1990 and Bahrain 2012, were determined to have Kenya or (in the former case) Ethiopia as likely origins. The Bahraini isolates came from cattle that had been recently imported from Saudi Arabia (<http://www.promedmail.org/direct.php?id=20120507.1125683>). It is unlikely that these strains arrived in the Middle East directly from Kenya by sea; Di Nardo et al. ([@B29]) describe cattle movement patterns in the region and did not identify such exports. They do, however, identify imports to Yemen and Saudi Arabia from Somalia, a country whose SAT 2 strains have never been sequenced. Type O FMDV outbreaks in Yemen have previously been traced to cattle from eastern Kenya and Ethiopia traded through markets in Somalia ([@B29]), so this would seem the most obvious explanation. Identification of which SAT 2 topotypes are in fact present in Somalia would help confirm this. If the 1990 outbreak originated in Ethiopia, then another possible export route would go through Djibouti.

The Alx-12 strain identified in Egypt is genetically distinct from Ghb-12, and the Markov jumps reconstruction suggests that the most likely origin country was Sudan but that it could also be descended from the 2000 Saudi outbreak. Since it is highly unlikely that both Alx-12 and Ghb-12 were the product of a single viral lineage arriving in Egypt, it seems most probable that there was indeed a fourth 2012 viral escape of this serotype from sub-Saharan Africa. While we did identify different most-likely countries of origin for the two strains, this does not rule out the introductions being the result of the import of the same group of infected animals from Sudan, since the Ghb-12 lineage, originating in Cameroon, may have traveled east on its route to Egypt. If there were indeed two separate introduction events, the cause might be the increase in cattle imports to Egypt identified by Kandeil et al. ([@B8]).

The close relationship of Alx-12 to the Saudi strain does suggest another possibility, however: that this lineage may have been present but undetected in North Africa and the Middle East since 2000 or even earlier, its detection in 2012 being the result of the increased surveillance connected to the Ghb-12 outbreak. Since other FMDV serotypes are endemic in these areas ([@B1], [@B30]), it is plausible that it was overlooked. In this scenario the virus persisted in the region following the 2000 outbreak or even was present before that. If true, then the virus is likely to have been maintained in sheep or goats, species in which clinical disease is less likely to be apparent ([@B19]). Sheep populations have previously been implicated in maintaining FMDV in these areas ([@B30], [@B31]). Further viral samples from the area and from other countries where topotype VII is present would be required to clarify the picture. A question that also arises is why, in this case, the Ghb-12 introduction would cause a rapidly spreading epidemic and disease control emergency while the existing presence of Alx-12 did not.

Aside from the clear difference between Alx-12 and Ghb-12, there was no suggestion that any other outbreak was the result of multiple introductions, and no lineage of the 2012 outbreak was suggested to be the source of any of the others.

It is generally accepted that FMDV is spread locally in Africa by movements of both livestock and wild animals (that it is frequently subclinical in wild *S. caffer* is considered a major challenge to control of the disease \[[@B32]--[@B35]\]). The phylogeographical analysis within countries of endemicity presented here lends some formal support to this hypothesis, since movements over large distances were rarely indicated except where there were intervening countries from which no samples were available, and where such links were suggested, the Bayes factor support was usually on the low side (as in the links from Malawi to Kenya and from Mozambique to Namibia). Investigation into whether the long-distance links between Cameroon and Nigeria and more distant countries to both the west and the east are genuine would require sequences from intervening nations, which are currently unavailable for the full VP1 gene. However, as mentioned above, the close relationship between sequences from Cameroon and samples from Eritrea and the 2000 Saudi outbreak were previously noted by Bronsvoort et al. ([@B26]), who point out that cattle are indeed traded directly from Sudan to Cameroon and could have carried the virus over this distance. At the time, no sequences from Sudan or the Central African Republic were available, so the authors acknowledged that they were unable to conclusively demonstrate this. The picture remains patchy, but this analysis does include Sudanese sequences, and links from Cameroon to both Eritrea and Sudan are supported, providing some further evidence for this hypothesis.

Because of the geographical distribution of the available sequences, much more information is available for countries in eastern or southern Africa than for western and central areas, where the picture is fragmentary at best. The situation in the countries south of Cameroon is particularly unclear; apart from sequences from the Democratic Republic of the Congo that are most closely related to isolates from its east, the only isolate from this region is a single Angolan example from 1974, the unique available sequence from topotype XI. No strains from Equatorial Guinea, Gabon, or the Congo have ever been sequenced. Whether topotype XI still exists and more generally what the status of SAT 2 is in this region would appear to warrant further investigation.

The situation in West Africa is better; there are in fact around 50 sequences from countries from Cameroon westward for partial sections of the VP1 gene that were ineligible for this analysis due to being insufficiently long. Sangaré et al. ([@B36]) performed an initial phylogenetic analysis on most of these; an extension to this analysis could perform the same phylogeographical methods on the shorter sequences from this area only.

As mentioned above, the host species analysis should be interpreted with caution due to the incomplete nature of the sampling. While there is not strong support here for the hypothesis that virus escapes from natural parks in southern Africa are the result of impala jumping fences ([@B34], [@B35]), the only available *A. melampus* sequences are from the Kruger National Park in South Africa and few subsequent cattle sequences are from any country adjacent to the park. While the coloring of branches in [Fig. 6](#fig6){ref-type="fig"} indicates the most probable host for the common ancestor of each topotype, this is unlikely to be reliable, since many topotypes have had isolates sequenced only from cattle, yet there is no reason to believe that they do not also infect buffalo. The role of any other hosts, such as sheep, cannot be investigated. Nevertheless, that SAT 2 originated in *S. caffer* is consistent with the consensus that buffalo are the maintenance host for the SAT strains ([@B33]). Subsequent transitions from *S. caffer* to cattle are reconstructed with support at the 95% level for the count being nonzero; this is consistent with previous literature implicating buffalo as the cause of epidemics in southern Africa ([@B11]). Transitions from *S. caffer* to *A. melampus* and vice versa and from cattle to *S. caffer* are also frequently reconstructed with considerable posterior support for their occurrence but not reaching the 95% level. That transitions from buffalo to impala, at least, must occur is generally accepted ([@B33], [@B34]). It is also feasible that cattle and impala infect buffalo, but that hypothesis is not necessary to explain the epidemiology of the virus.

In summary, this paper has used up-to-date methods and sequence data to update the picture of the behavior of the SAT 2 serotype on a continental level. Support is given for generally accepted characteristics of the virus: that it is spread over generally short distances by the land movements of infected hosts and that African buffalo are an important maintenance host. The previous consensus that the 2012 outbreak strains are unrelated and probably did not have the same origins has been strengthened by a formal phylogeographical analysis. Evidence is also provided that the decline in FMDV genetic diversity in the latter part of the 20th century applies to this serotype. Future work on this virus would be enabled by further sequencing, perhaps of a larger part of the genome, with a more methodological sampling scheme. This should become more and more feasible as the technology improves.

MATERIALS AND METHODS {#h3}
=====================

The data. {#h3.1}
---------

Data used were all GenBank records for FMDV serotype SAT 2 that included at least 90% of the VP1 gene (as of May 2013) and sequences for a total of 49 previously unsequenced cell culture-grown type SAT 2 FMDVs that were obtained from the World Reference Laboratory for Foot-and-Mouth Disease Reference Collection. RNA extraction, reverse transcription-PCR (RT-PCR) of the VP1 region, and RNA sequencing of these was performed as previously described ([@B4], [@B5]). Sequences were assembled using SeqMan Pro (Lasergene v.8 package; DNAstar Inc.). GenBank records were examined to exclude duplicates and isolates for which the year of sampling or country of origin were unavailable. Where two or more records from the same isolate were available, the more recently sequenced version was used. Sequences were aligned using the MUSCLE ([@B37]) plugin in the software program Geneious 5.6.4 (Biomatters, Ltd.), and trimmed to the VP1 gene only.

Molecular clock and skyride analysis. {#h3.2}
-------------------------------------

The BEAST ([@B16]) analysis used a GTR+I+G substitution model, a relaxed uncorrelated lognormal molecular clock ([@B17]), and a GMRF Bayesian skyride tree prior ([@B14]). Multiple Monte Carlo Markov chain (MCMC) runs of 100,000,000 states each and a burn-in of 10% were combined to obtain a set of 9,000 samples with estimated sample sizes of at least 200 for all numerical model parameters. Tracer 1.5 (<http://beast.bio.ed.ac.uk/Tracer>) was used to reconstruct the skyride plot and investigate parameter estimates.

Phylogeography. {#h3.3}
---------------

The first phylogeographical analysis was performed using the tree set from the previous section as the sample of phylogenies. An asymmetric rate matrix was assumed. Traits were selected depending on the status of the disease in the country of sampling as follows: for samples from areas in sub-Saharan Africa where FMDV is endemic, the country was used. However, sequences taken from epidemics in North Africa and the Middle East were treated as separate traits even where (in the case of Libya) more than one epidemic had occurred in a single country. The Alx-12 and Ghb-12 strains from Egypt in 2012 were also treated as separate traits. This allowed investigation of the source of each epidemic and the two Egyptian lineages separately. Since any given outbreak could not be the origin of an earlier one, the rates of transition between such states in this direction (e.g., from Egypt in 2012 to Libya in 2003) were set *a priori* to be zero. The software program TreeAnnotator 1.7 was used to produce the MCC tree, with branches colored by trait from this analysis.

Geographical movements were reconstructed using the Markov jumps procedure ([@B18]) to give times of state changes along each branch of each tree in the posterior output. These were used to estimate a probability distribution for the country of origin of each of the epidemics, as follows: for every tree in the posterior sample, the tips corresponding to all the samples from an epidemic were identified and the node corresponding to their most recent common ancestor found (this was the tip itself in situations where only a single sequence was available for a given epidemic). If the reconstructed location state of this node was not the same as that of the tips, the epidemic was recorded as being the result of multiple introductions in this particular posterior sample. Otherwise, the reconstructed state change that took the lineage into the epidemic state was found, and the trait that was the origin of this jump was recorded. Summarizing this information over all trees from the sample gave the posterior probability distribution of origins.

A second set of phylogenetic trees was produced, using the same molecular clock and tree prior as above, for those sequences coming only from countries of endemicity. A separate phylogeographic analysis was performed on this, using the Bayesian stochastic search variable selection (BSSVS) procedure to identify pairs of countries for which the hypothesis that the rate of movement between them was nonzero was supported by a Bayes factor value greater than 3. For this analysis, a symmetric rate matrix was assumed. The software program Quantum GIS 1.8.0 (<http://qgis.osgeo.org>) was used to visualize well-supported nonzero rates on a map.

Host species analysis. {#h3.4}
----------------------

A final set of trees was produced by further restricting the data set to those sequences from sub-Saharan Africa with an identified host species. Information from GenBank records and the Picornavirus Home Page (<http://www.picornaviridae.com/>) was used to provide this information. The posterior set of trees from this was used for the host species analysis. Reconstruction of state changes was again performed using Markov jumps, and the number of transitions between each pair of species was counted for all samples from the MCMC and summarized to give the median number of each type of host-to-host transmission taking place over the phylogeny and the posterior probability that at least one event of each type occurred.

Nucleotide sequence accession numbers. {#h3.5}
--------------------------------------

The 49 newly determined sequences have been submitted to GenBank with accession numbers KF112928 to KF112976.

SUPPLEMENTAL MATERIAL {#h4}
=====================

###### 

Locations and dates of sampling, topotypes, GenBank accession numbers, and host species of the 49 previously unpublished FMDV SAT 2 isolates

###### 

Table S1, PDF file, 0.1 MB.

###### 

All isolates used in this study, sorted by country of origin and year; the years appearing here were used to date tips for the phylogenetic analysis, and the country and host species were used as discrete traits for phylogeography

###### 

Table S2, PDF file, 0.1 MB.
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